Abstract. The paper describes a dual-frequency method for reducing the impact of changes in the gap size between the eddy-current transducer and the pipe, as well as the pipe electrical conductivity on the eddy-current thickness gauge readings. A block-diagram of the dual-frequency eddycurrent thickness gauge is proposed for light-alloy drill pipes. The amplitude and signal phase dependencies on the wall thickness in the range from 6 to 17 mm and the gap in the range from 0 to 13.5 mm were studied, the results are presented. The digital signal processing algorithms based on the piecewise-linear approximation of low-frequency and high-frequency signal phase dependencies on the wall thickness are proposed. It is shown that the proposed correction algorithms can reduce the error caused by variations of electrical conductivity and the gap between the transducer and the pipe.
Introduction. Measuring the thickness of pipe walls
Light-alloy drill pipes of TB and TBP types made of aluminum alloy D16 are manufactured in accordance with the Russian standard GOST 23786-79 [1] . The pipes are used to perform the workover and the structure, exploration and production drilling. The pipe walls are worn during in-service use, and therefore the wall thickness of the main pipe section must be controlled according to the Russian standard. With due regard to the assortment, the nominal wall thickness of the main pipe section can vary from 7.5 to 13 mm. The limit thickness deviation shall not exceed ± (0.4-0.5) mm for pipes of high accuracy and ± (0.7-1.7) mm for pipes of normal accuracy. A non-destructive testing method is not considered. The measuring instruments must have the accuracy of ± 0.1 mm.
Ultrasonic devices provide high accuracy of measurement, and therefore are used to measure the thickness of metal objects. However, a good acoustic contact (through the liquid layer) is required, that decreases the speed of testing.
The advantages of the eddy-current testing method are high-performance control and sensitivity, and the possibility of non-contact measurement. These advantages enable the method automation and provide a continuous control along the entire length of the pipe. However, signals of the eddy-current transducer considerably depend on the material electrical conductivity and the gap between the transducer and the pipe.
In the previous paper [2] , it was shown that a dual-frequency eddy-current method can reduce the dependence of thickness gauge readings on the gap size. Consider the fact that the method is capable of reducing the impact of changes in the pipe electrical conductivity on the thickness measurement results. With this, the block diagram of the gauge (Figure 1 ) comprising the surface eddy-current transducer (ECT), generator (G), amplitude and phase detectors (APD), data acquisition board with ADC, and personal computer (PC) can be used. The eddy-current transducer comprises the excitation winding (EW), measurement winding (MW) and compensation winding (CW). The signal is fed from the generator to the transducer EW, which is the sum of two harmonic signals. The first frequency f1 is principal and is intended to measure the wall thickness T. The frequency must be up to several hundred hertz and therefore is referred to as low frequency (LF). The second frequency f2 is selected so that the signals of this frequency slightly depend on the pipe wall thickness and at the same time change with variations of the pipe electrical conductivity and the gap h between the pipe and the transducer. These properties appear in the frequency of several kilohertz, so the frequency is called high frequency (HF).
During the measurement, signals from the eddy-current transducer arrive at the amplitude and phase detectors, which output voltages are proportional to the amplitudes of imaginary and real components of the low-frequency signal f1 and high-frequency signal f2: 
The value of the high-frequency signal amplitude HF A is taken to calculate the gap h between the ECT and the pipe surface:
[ ] A is the amplitude of the high-frequency signal for zero gap, and Kh is a correction factor used for non-zero gap calibration.
The approximation error in accordance with expression (4) does not exceed 0.08 mm [2] .
The dependence of the wall thickness T on the low-frequency signal phase LF ϕ for a fixed value of the gap h (Figure 2 ) can be approximated by the piecewise-linear function The correction is calculated based on the assumption that the conductivity is temperature dependent [3] [4] [5] [6] [7] [8] [9] [10] . However, the electrical conductivity can vary due to the different chemical composition of the tube material.
The phase dependence on the temperature can be approximated by the linear function
where LF Kt is the coefficient of proportionality, tx is the pipe temperature, and 0 t is the temperature at which the thickness gauge was calibrated.
The pipe temperature is calculated from the difference of the measured high-frequency signal phase 
where HF Kt is the coefficient of proportionality. That is, the preliminary evaluation of the thickness is made with no regard to the conductivity correction, and then the expected value of the high-frequency signal phase 
Thickness gauge calibration
To calibrate the readings when measuring a zero gap, the ECT is placed directly on the pipe and the high-frequency signal amplitude 0 HF A is saved in the memory. For the non-zero gap calibration, the ECT is placed on the plate of known thickness and the correction factor Kh used in equation (4) is calculated
The thickness calibration is performed in two steps. At the first step, the ECT is installed on the sample pipe with a known thickness value 1 T , and the ECT signals are saved in the memory. Next, the ECT is installed on the sample pipe with a known value 2 T , and the ECT signals are saved in the memory. The thickness of sample 1 should be less than the thickness of sample 2.
The current values of the correction factors
Kc used in equation (5) to correct the gauge readings are calculated by the system of equations (10) 
Conclusion
The experiments showed that the dual-frequency eddy-current method used to measure the wall thickness of the electrically conductive pipes according to the described algorithms reduces the impact of the gap between the pipe and the eddy-current transducer, and that of the changes in the pipe electrical conductivity on the measurement results.
